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Abstract 
The critical crystal size required for the formation of solvent occlusions 
during the crystallization of potassium aluminum sulfate dodecahydrate 
was found to be significantly altered in the presence of small concentrations 
of the. ionic impurities nickel and copper. The critical crystal size increased 
with increasing nickel ion concentration and decreased with increasing 
copper ion concentration. The concentration of copper in the grown crystals 
was approximately an order of magnitude greater than the concentration 
of nickel in crystals grown at similar conditions. 
INTRODUCTION  
The presence of pockets of solvent trapped as a second phase Jocclusions) 
in.crystals grown from solution and from the melt has been widely -reported 
in'the literature (1-10). Previous work (1-5) has indicated that occlusion 
formation will increase with increasing crystal growth rate and will decrease 
with increasing interfacial temperature gradient. Theoretical studies 
of occlusion formation employing the constitutional supercooling criterion, 
(11,12) and those employing perturbation theory, (13-15) indicate that 
the interface can only be stable (hence no occlusion formation) in the 
presence of a finite interfacial temperature gradient. Brice and Bruton (16) 
'postulated that interfacial kinetics could produce a stabilizing effect 
on the interface which would decrease with increasing crystal growth rate. 
Slaminko and Myerson (17) experimentally studied the growth of single crystals 
of sodium chloride and potassium aluminum sulfate dodecahydrate. They 
reported a critical crystal size (at a given set of conditions) below which 
occlusions did not form. 
The existence of this critical crystal size below which occlusions 
do not occur suggests the possibility of controlling occlusion formation 
in industrial crystallizers through control of the crystal size distribution. 
Industrial crystallizers, however, often contain low concentrations of 
a variety of impurities. The effect of various commonly occurring impurities 
on the critical crystal size for occlusion formation must, therefore, be 
examined. 
BACKGROUND  
It is well known that low concentrations of impurities can dramatically 
effect the growth rates and habits of crystals grown from solution. Many 
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investigators (18,19) have examined this phenomena, however, there is yet 
no generally accepted theory to explain the mechanisms by which impurities 
participate in the crystallizatin process. There are several ways an impurity 
may effect crystal growth rate and habit. These include: 
1. Changing of the solution properties. 
2. Changing the properties of the solid-liquid interface. 
3. Selective adsorption of the impurity on the - various crystal faces 
thus disrupting the growth of those faces and changing the surface 
energies. 
It is not possible to predict, however, how a given impurity will act in 
'a given system. 
Several investigators (19-20) have studied the effects of impurities 
on the formation of dendrites. Buckley (18) reported that low concentrations 
of certain dyes (5X10 -5 gram/gram solute) caused KC10 3 to grow dendritically. 
Saratorkin (20) found that 0.001 pbrcent pectic acid inhibited the formation 
of dendrites of NH4C1 grown from aqueous solution. He also indicated that 
various impurities could alter the shape, direction, and degree of branching 
of NH4C1 dendrites. In order for an occlusion to form, the crystal liquid 
interface must break up and grown in an unstable manner. The results reported 
in the literature indicate that some impurities can cause dendritic (hence 
unstable) growth while others can inhibit unstable growth. It, therefore, 
seems likely that various impurities should effect both the degree of occlusion 
formation and the critical size for occlusion formation. The purpose of 
this paper is the experimental verification of the above hypothesis through 
an examination of the effect of nickel and copper ion on the occlusion 
formation, and critical size for occlusion formation during the growth 
of single crystals of potassium aluminum dodecahydrate from aqueous solution. 
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EXPERIMENTAL  
In order to experimentally measure solvent occlusion as a function 
of crystal size during the crystallization of solutes from aqueousisolution, 
a flow crystallizer similar to one used by Slaminko and Myerson (17) was 
employed. A schematic of the apparatus is shown in Figure 1. Solution 
at a controlled flow rate and supersaturation flows over a crystal suspended 
on the needle tip. Heat and mass transfer are well-defined in this geometry. 
The fluid velocity can be raised to a value where it does not affect growth 
rates indicating little mass transfer influence. The change in supersaturation 
in the solution during each experiment was small (2% or less) and should 
have had a negligible effect. The average growth rate was obtained from 
the weight gain of the crystal. The amount of solvent entrapped was obtained 
by analysis of the crystals employing atomic absorption spectrometry. In 
those systeMs that form hydrates, only water exceeding the stoichiometric 
amount within the solid was taken as impurity. The accuracy of the excess 
water determination was no worse than t 3% by weight. This apparatus was 
used to grow KA1(SO4) 2 . 12H20 in water were obtained from Seidell and 
Linke (21). 
Experiments were conducted at undercoolings of 1 and 2°C, nickel ion 
concentrations of 100, 200 and 500 ppm and copper ion concentrations of 
100 to 200 ppm. Nickel was added to the solution as nickel chloride and 
copper was added as copper chloride. Experiments were conducted at a variety 
of growth times so as to obtain a variety of crystal sizes at each undercooling. 
The crystallization temperature was 29°C for all experiments. A flow rate 
of 0.04m/sec was used to minimize mass transfer effects. Crystals were 
initially about 5X10 -4 m equivalent spherical diameter based on their mass. 
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RESULTS AND DISCUSSION  
Results for the growth of potassium aluminum sulfate dodecahydrate 
from pure aqueous solution are presented in Table 1. These results indicate 
a critical crystal size of 2.8X10 -3 m at an average growth velocity of 
4.0X10 -8 m/s (2°C undercooling) and 2.6X10 -3 at an average growth velocity 
of 2.1X10 -8 m/s (1 °C undercooling). These results closely reproduce those 
reported by SlaminkO and Myerson (17). Results are presented in Tables 
2 and 3 showing the effect of nickel ion on the growth velocity and critical 
size. The addition of nickel to the solution had little effect on the 
growth velocity. The average crystal growth velocities at 2°C undercooling 
• were 4.0X10 8 , 4.0X10 -8 , 3.9X10 8 and 3.8X10 -8 m/s at nickel ion concentrations 
of 0, 100, 200 and 500 ppm respectively. The addition of nickel, however, 
increased the critical crystal size for occlusion formation. The critical 
size increased with increasing nickel concentration at (2°C undercooling) 
from 2.8X10 -3 m to 4.3X10 -3 m as the nickel concentration increased from 
0 to 500 ppm. 
The concentration of nickel present in crystals grown at 1 and 2 °C 
of undercooling at nickel concentrations in solution of 100 ppm are shown 
in Table 4. The concentrations reported in Table 4 are those of the nickel 
in the crystalline portion of the crystal and does not include the nickel 
associated with the occluded solution. Results indicate a small, but finite 
average nickel concentration of 0.13 and 0.12 ppm at 1 and 2°C of undercooling 
respectively. 
Results are presented in Tables 5 and 6 showing the effect of copper 
ion on the growth velocity and critical size. The addition of copper ion 
had little effect on the growth velocity. The average growth velocities 
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at 1°C undercooling were 2.0X10 8 , 2.1X10 8 and 2.2X10-8 m/s at copper 
ion concentrations of 0, 100 and 200 ppm respectively. Copper, however, 
decreased the critical crystal size for occlusion formation. The critical 
size decreased with increasing copper concentration (at 1°C undercooling) 
frbm 2.6X10 3 m to 1.7X10 -3 m as the copper was concentration increased 
from 0 to 200 ppm. 
The concentration of copper present in crystals grown at 1 and 2 °C 
of undercooling at copper concentration in solution-of 100 ppm are shown 
in Table 7. The average copper concentrations were 1.4 and 1.5 ppm at 
1 and 2°C and undercooling respectively. 
Previous work (1) has indicated that the amount of solvent trapping 
in KN1(SO4 ) 2 .12H20 crystals larger than 3.6X10 -3m (grown without impurities 
present) are not a function of size. 	If the amount of trapped solvent 
is constant with size in large crystals (crystals considerably larger than 
the critical size) it indicates that a constant percentage of new crystalline 
material added during the growth process is trapped solvent. The overall 
degree of solvent trapping in a crystal size and asymptotically approach 
a maximum value. This phenomena was experimentally observed by Slaminko 
and Myerson (17). The presence of nickel, however, both increases the 
critical size and at sizes larger than the critical size decreases the 
degree of solvent trapping. These results indicate that nickel ion is 
able to stabilize their interface in some way. The low concentration of 
nickel adsorbed on the crystal surface along with the fact that nickel 
concentration had little effect on the crystal growth velocity both indicate 
that the mechanism by which nickel affects the crystal growth process must 
involve changes in the solution and/or interfacial properties of the systems. 
The results employing copper ion as an impurity were exactly opposite 
to those of nickel ion. The copper ion both decreased the critical size 
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for occlusion,formation and at sizes greater than the critical size increased 
the degree of solvent trapping. The concentration copper adsorbed_ on the 
crystal surface was an order of magnitude greater than in the experiments 
employing nickel ion. The results indicate that the adsorption of copper 
on the surface tends to destabilize the interface, hence promoting solvent 
trapping. 
The results presented in this paper indicate that low concentrations 
of ionic impurities can both stabilize and destabilize the crystal interface. 
The latter case, which involves adsorption on the crystal surface thereby 
preventing lateral spread of a new growth layer, is consistent with theories 
of the effect of impurities on crystal growth (22). The mechanism by which 
nickel ion stabilizes the crystal interface without significant adsorption 
on the surface, however, is unclear and will require additional study. 
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TABLE I 
DEPENDENCE OF OCCLUSION FORMATION ON CRYSTAL SIZE a.- 





Finai Diameter Mass Percent 
mX10 	 occluded H2O 
1 2.5 1.5 0 
1 2.2 2.0 0 
1 1.9 2.3 0 
1 1.9 2.6 0 
1 1.8 2.7 4.3 
1 2.0 3.0 9.2 
1 2.1 3.3 11.0 
1 2.2 3.8 16.6 
2 5.0 2.4 0 
2 4.1 2.6 0 
2 4.2 2.8 0 
2 3.0 3.2 10 
2 3.6 3.5 13 
2 4.0 2.7 'a 
TABLE 2 
. DEPENDENCE OF OCCLUSION FORMATION ON CRYSTAL SIZE AND NICKEL- ION 
CONCENTRATION DURING THE GROWTH OF SINGLE CRYSTALS OF POTASSIUM 
ALUMINUM SULFATE DODECAHYDRATE 







Occluded H 2 O 
100 3.9 1.5 0 
100 3.6 2.1 0 
100 4.0 2.7 0 
100 4.1 2.9 0 
100 4.0 3.0 0 
100 3.5 3.4 2.8 
100 3.6 3.8 7.1 
100 4.2 4.0 9.5 
100 4.7 4.2 10.0 
200 3.6 2.6 0 
200 3.8 2.9 0 
200 4.0 3.2 0 
200 4.2 3.2 0 
200 3.5 3.5 0 
200 4.1 3.7 4.0 
200 4.4 4.1 4.0 
200 4.5 4.3 5.0 
200 3.8 4.4 7.0 
200 3.7 4.6 6.0 
200 3.4 4.8 10.0 
200 3.5 5.0 15.0 
500 3.2 2.8 0 
500 4.0 3.0 0 
500 4.0 3.1 0 
500 3.8 3.5 0 
500 4.0 3.8 0 
500 3.3 4.0 0 
SOO 4.5 4.3 5.0 
500 3.7 4.4 8.0 
500 3.6 4.5 4.0 
500 3.8 4.7 8.0 
500 3.9 4.9 11.0 
500 3.2 5.2 13.0 
Applied Undercooling = 2°C 
TABLE 3 
DEPENDENCE OF OCCLUSION FORMATION ON CRYSTAL SIZE AND NICKEL ION 
CONCENTRATION DURING THE GROWTH OF SINCME CRYSTALS OF POTASSIUM 
ALLNINUM SULFATE DODECAHYDRATE 
Undercooling = 1°C 







Occluded H 2O 
100 1.9 1.2 0 
100 2.1 1.9 0 
100 2.0 2.2 0 
100 1.8 2.5 0 
100 1.7 2.7 0 
100 2.0 3.0 2.1 
100 1.9 3.3 9.0 
100 1.8 3.7 15.0 
100 1.6 4.0 19.0 
TABLE 4 
CONCENTRATION OF NICKEL IN CRYSTALS GROWN 
IN THE PRESENCE OF 100 ppm NICKEL 





















DEPENDENCE OF OCCLUSION FORMATION ON CRYSTAL SIZE AND COPPER. ION 
CONCENTRATION DURING THE GROWTH OF SINGLE CRYSTALS OF POTASSIUM 
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	 ALIIIINUM SULFATE DODECAHYDRATE 
Undercooling = 1°C 
COPPER/ION CONC. 	GROWTH VELOCITY 
(PM) 	 m/secX10 8 




OCCLUDED H2 O 
100 2.0 1.1 0 
100 2.1 1.9 0 
100 1.9 2.0 0 
100 2.3 2.2 0 
100 2.5 2.4 1.6 
100 1.8 2.8 7.3 
100 2.0 3.1 10.1 
100 2.2 3.4 13.4 
200 2.1 1.0 0 
200 2.2 1.3 0 
200 1.8 1.5 0 
200 2.0 1.6 0 
200 2.2 1.7 0 
200 2.3 2.0 1.5 
200 2.3 2.5 6.3 
200 2.4 3.1 9.8 
200 2.5 3.7 14.3 
TABLE 6 
DEPENDENCE OF OCCLUSION FORMATION ON CRYSTAL SIZE AND COPPER-  ION 
CONCENTRATION DURING THE GROWTH OF SINGLE CRYSTALS OF POTASSIUM 
ALUMINUM SULFATE DODECAHYDRATE 
Undercooling = 2°C 
COPPER/ION CONC. 	GROWTH VELOCITY 
(PM) 	 m/secX10 8 




OCCLUDED H 2O 
100 4.4 1.0 0 
100 3.7 1.3 0 
100 4.0 1.8 0 
100 5.5 1.9 0 
100 6.7 2.2 3.2 
100 4.9 2.9 11.4 
100 5.1 3.3 16.2 
100 5.0 3.7 15.5 
200 5.1 1.0 0 
200 4.1 1.2 0 
200 3.6 1.4 0 
200 5.2 1.5 0 
200 5.4 1.8 2.0 
200 4.9 2.5 7.2 
200 5.0 2.9 10.4 
200 4.8 3.5 15.5 
TABLE 7 
CONCENTRATION OF COPPER IN CRYSTALS GROWN 
IN THE PRESENCE OF 100 ppm COPPERP 
UNDERCOOLING 	 Cu CONCENTRATION 
(°C) 	 (PPm) 
1 	 0.84 
1 0.93 
1 	 1.0 
1 1.5 
1 	 1.7 
1 1.6 
1 	 1.5 
1 2.3 
2 	 1.1 
2 1.2 
2 	 1.6 
2 1.5 
2 	 1.4 
2 1.8 
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EFFECT OF IMPURITIES ON OCCLUSION FORMATION DURING 
CRYSTALLIZATION FROM SOLUTION 
Final Technical Report 
NSF Grant # ENG 7926304 
Allan S. Myerson 
School of Chemical Engineering 
Georgia Institute of Technology 
Atlatna, GA 30332 
PART 1: POTASSIUM ALUMINUM SULFATE 
Introduction  
The presence of pockets of solvent trapped as a second phase (occlusions) 
in crystals grown from solution and from the melt has been widely reported 
on the literature (1-10). Previous work (1-5) has indicated that occlusion 
formation will increase with increasing crystal growth rate and will decrease 
with increasing interfacial temperature gradient. Theoretical studies of 
occlusion formation employing the constitutional supercooling criterion 
(11,12), and those employing perturbation theory (13,15), indicate that the 
interface can only be stable (hence no occlusion formation) in the presence 
of a finite interfacial temperature gradient. Brice and Bruton (16) postulated 
that interfacial kinetics could produce a stabilizing effect on the interface 
which would decrease with increasing crystal growth rate. Slaminko and Myerson 
(17) experimentally studied the growth of single crystals of sodium chloride 
and potassium aluminum sulfate dodecahydrate. They reported a critical crystal 
size (at a given set of conditions) below which occlusions did not form. 
The existence of this critical crystal size below which occlusions do not 
occur suggests the possibility of controlling occlusion formation in industrial 
crystallizers through control of the crystal size distribution. Industrial 
crystallizers, however, often contain low concentrations of a variety of 
impurities. The effect of various commonly occurring impurities on the 
critical crystal size for occlusion formation must, therefore, be examined. 
Background  
It is well known that low concentrations of impurities can dramatically 
effect the growth rates and habits of crystals grown from solution. Many 
investigators (18,19) have examined this phenomena, however, there is yet 
2 
no generally accepted theory to explain the mechanisms by which impurities 
participate in the crystallization process. There are several ways an impurity 
may effect crystal growth rate and habit. These include: 
1. Changing of the solution properties. 
2. Changing the properties of the solid-liquid interface. 
3. Selective adsorption of the impurity on the various crystal faces 
thus disrupting the growth of those faces and changing the surface 
energies. 
It is not possible to predict, however, how a given impurity will act in a 
given system. 
Several investigators (19-20) have studied the effects of impurities on 
the formation of dendrites. Buckley (18) reported that low concentrations 
of certain dyes (5x10 5) gram/gram solute) caused KC10 3 to grow dendritically. 
Saratorkin (20) found that 0.001 percent pectic acid inhibited the formation 
of dendrites of NH 4C1 grown from aqueous solution. He also indicated that 
various impurities could alter the shape, direction, and degree of branching 
of NH4C1 dendrites. In order for an occlusion to form, the crystal liquid 
interface must break up and grow in an unstable manner. The results reported 
in the literature indicate that some impurities can cause dendritic (hence 
unstable) growth while others can inhibit unstable growth. It therefore, 
seems likely that various impurities should effect both the degree of occlusion 
formation and the critical size for occlusion formation. The purpose of this 
paper is the experimental verification of the above hypothesis through an 
examination of the effect of nickel and copper ions on the occlusion formation, 
and critical size for occlusion formation during the growth of single crystals 
of potassium aluminum dodecahydrate from aqueous solution. 
3 
Experimental  
In order to experimentally measure solvent occlusion as a function of 
crystal size during the crystallization of solutes from aqueous solution, 
a flow crystallizer similar to one used by Slaminko and Myerson (17) was 
employed. A schematic of the apparatus is shown in Figure 1. Solution at 
a controlled flow rate and supersaturation flows over a crystal suspended 
on the needle tip. Heat and mass transfer are well-defined in this geometry. 
The fluid velocity can be raised to a value where it does not affect growth 
rates indicating little mass transfer influence. The change in supersaturation 
in the solution during each experiment was small (2% or less) and should have 
had a negligible effect. The average growth rate was obtained from the weight 
gain of the crystal. The amount of solvent entrapped was obtained by analysis 
of the crystals employing atomic absorption spectrometry. In those systems that 
form hydrates, only water exceeding the stoichiometric amount within the solid 
was taken as impurity. The accuracy of the excess water determination was 
no worse than ± 3% by weight. This apparatus was used to grow KA1(SO4)2-12H20 
from aqueous solution with and without impurities present. Solubility data for 
KA1(SO4 )2.12H20 in water were obtained from Seidell and Linke (21). 
Experiments were conducted at undercoolings of 1 and 2°C, nickel ion 
concentrations of 100, 200 and 500 ppm and copper ion concentrations of 100 
and 200 ppm. Nickel was added to the solution as nickel chloride and copper 
was added as copper chloride. Experiments were conducted at a variety of 
growth times so as to obtain a variety of crystal sizes at each undercooling. 
The crystallization temperature was 29°C for all experiments. A flow rate 
of 0.4 m/sec was used to minimize mass transfer effects. Crystals were initially 
about 5 x 10 -4 m equivalent spherical diameter based on their mass. 
4 
Figure 1 Schematic diagram of flow crystallizer 
Results and Discussion--Potassium Aluminum Sulfate  
Results for the growth of potassium aluminum sulfate dodecahydrate from 
pure aqueous solution are presented in Table 1. 
TABLE 1 
Dependence of Occlusion Formation on 






m/sec x 10 8 
Final 
Diameter 
mx 10 3 
Mass Percent 
Occluded H 2O 
1 2.5 1.5 0 
1 2.2 2.0 0 
1 1.9 2.3 0 
1 1.9 2.6 0 
1 1.8 2.7 4.3 
1 2.0 3.0 9.2 
1 2.1 3.3 11.0 
1 2.2 3.8 16.6 
2 5.0 2.4 0 
2 4.1 2.6 0 
2 4.2 2.8 0 
2 3.0 3.2 10 
2 3.6 3.5 13 
2 4.0 2.7 18 
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These results indicate a critical crystal size of 2.8X10 3m at an average 
growth velocity of 4.0X10 3 m/s (2 °C undercooling) and 2.6X10 -3 at an average 
growth velocity of 2.1X10 -8 m/s (1 °C undercooling). These results closely 
reproduce those reported by Slaminko and Myerson (17). Results are presented 
in Tables 2 and 3 showing the effect of nickel ion on the growth velocity 
and critical size. The addition of nickel to the solution had little effect 
on the growth velocity. The average crystal growth velocities at 2°C undercooling 
were 4.0X10 -8 , 4.0X10 -8 , 3.9X10 -3 and 3.8X10 -° m/s at nickel ion concentrations 
of 0, 100, 200 and 500 ppm, respectively. The addition of nickel, however, 
increased the critical crystal size for occlusion formation. The critical 
size increased with increasing nickel concentration (at 2° undercooling) from 
2.8X10 -3 m to 4.3X10 -3 m as the nickel concentration increased from 0 to 500 ppm. 
TABLE 2 
Dependence of Occlusion Formation on 
Crystal 	Size 	and Nickel 	Ion Concen- 
tration During 	tne Growth of Single 
Crystals of Potassium Aluminum 
Sulfate Dodecahydrate. 
TABLE 3 
Dependence of Occlusion Formation on 
Crystal Size and Nickel 	Ion Concen- 
tration During the Growth of Single 










m x 10 3 
Mass Percent 
























































































































Nickel 	Ion 	 Final 	Mass Percent 
Concentration 	Growth Velocity 	Diameter Occluded H2O 
(ppm) 	m/sec x10
8 
m x 10 3 
100 	 1.9 	 1.2 
100 2.1 1.9 
100 	 2.0 	 2.2 
100 1.8 2.5 
100 	 1.7 	 2.7 
100 2.0 3.0 
100 	 1.9 	 3.3 
100 1.8 3.7 
100 	 1.6 	 4.0 










Applied Undercooling = 2 ° C 
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The concentration of nickel present in crystals grown at 1 and 2°C of 
undercooling at nickel concentrations in solution of 100 ppm are shown in 
Table 4. The concentrations reported in Table 4 are those of the nickel in 
the crystalline portion of the crystal and do not include the nickel associated 
with the occluded solution. Results indicate a small, but finite average 
nickel concentration of 0.13 and 0.12 ppm at 1 and 2°C of undercooling respectively. 
TABLE 4 
Concentration of Nickel in Crystals 
Grown in the Presence of 100 ppm 
Nickel. 
Undercooling 































Results are presented in Tables 5 and 6 showing the effect of copper ion 
on the growth velocity and critical size. The addition of copper ion had 
little effect on the growth velocity. The average growth velocities at 1 °C 
undercooling were 2.0X10 -8 , 2.1X10 -8 and 2.2X10 -8 m/s at copper ion concentrations 
of 0, 100 and 200 ppm, respectively. Copper, however, decreased the critical 
7 
crystal size for occlusion formation. The critical size decreased with increasing 
copper concentration (at 1 °C undercooling) from 2.6X10 -3 m to 1.7X10 3 m as 




Dependence of Occlusion Formation on 
Crystal Size and Copper Ion Concen-
tration During the Growth of Single 
Crystals 	of Potassium Aluminum 
Sulfate Dodecahydrate. 
Depenoence of Occlusion Formation on 
Crystal Size and Copper Ion Concen-
tration During the Growth of Single 
Crystals of Potassium Aluminum 
Sulfate Dodecahydrate. 
Copper Ion 
Concentration 	Growth Velocity 








Occluded H 2O 
Copper Ion 





100 2.0 1.1 0 (ppm) m/sec x10
8 
mx 103 
100 2.1 1.9 0 
100 4.4 1.0 0 100 1.9 2.0 0 
100 2.3 2.2 0 100 3.7 1.3 0 
100 2.5 2.4 1.6 100 4.0 1.8 0 
100 1.8 2.8 7.3 100 5.5 1.9 0 
100 2.0 3.1 10.1 100 6.7 2.2 3.2 

















200 1.8 1.5 0 200 5.1 1.0 0 
200 2.0 1.6 0 200 4.1 1.2 0 
200 2.2 1.7 0 200 3.6 1.4 0 
200 2.3 2.0 1.5 200 5.2 1.5 0 
200 2.3 2.5 6.3 200 5.4 1.8 2.0 
200 2.4 3.1 9.8 200 4.9 2.5 7.2 
203 2.5 3.7 14.3 200 5.0 2.9 10.4 
200 4.8 3.5 15.5 
Undercocling = 	l'C Temperature . 29°C 
Undercooling = 2°C Temperature = 28°C 
The concentration of copper present in crystals grown at 1 and 2°C of 
undercooling at copper concentration in solution of 100 ppm are shown in Table 7. 


































Previous work (1) has indicated that the amount of solvent trapping in 
KA1(SO4 )2. 12H20 crystals larger than 3.6X10 -3 m (grown without impurities 
present) are not a function of size. If the amount of trapped solvent is 
constant with size in large crystals (crystals considerably larger than the 
critical size) it indicates that a constant percentage of new crystalline 
material added during the growth process is trapped solvent. The overall 
degree of solvent trapping in a crystal growing from its critical size should 
start at zero, increase with increasing crystal size and asymptotically approach 
a maximum value. This phenomena was experimentally observed by Slaminko and 
Myerson (17). The presence of nickel, however, both increases the critical 
size and at sizes larger than the critical size decreases the degree of solvent 
trapping. These results indicate that nickel ion is able to stabilize their 
interface in some way. The low concentration of nickel adsorbed on the crystal 
surface along with the fact that nickel concentration had little effect on 
the crystal growth velocity both indicate that the mechanism by which nickel 
affects the crystal growth process must involve changes in the solution and/or 
interfacial properties of the systems. 
The results employing copper ion as an impurity were exactly opposite 
to those of nickel ion. The copper ion both decreased the critical size for 
formation and at sizes greater than the critical size increased the degree 
of solvent trapping. The concentration of copper adsorbed on the crystal 
surface was an order of magnitude greater than in the experiments employing 
nickel ion. The results indicate that the adsorption of copper on the surface 
tends to destabilize the interface, hence promoting solvent trapping. 
The results presented in this paper indicate that low concentrations 
of ionic impurities can both stabilize and destabilize the crystal interface. 
The latter case, which involves adsorption on the crystal surface thereby 
9 
preventing lateral spread of a new growth layer, is consistent with theories 
the effect of impurities on crystal growth (22). The mechanism by which nickel 
ion stabilizes the crystal interface without significant adsorption on the 
surface, however, is unclear and will require additional study. 
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PART 2--Inclusion in Terephthatic Acid 
12 
INTRODUCTION 
In recent years improved processes for the manufacture of terephthalic 
acid (TPA) have led to the development of processes for the direct esterifica-
tion of TPA with ethylene glycol. This route to the formation of polyethylene 
terephthalate (PET) has significant economic advantages (Hizikata (1977)) 
when compared with the route employing dimethyl terephthalate (DMT). A 
requirement of the direct esterification route is a pure grade of TPA virtually 
free of impurities which cause unwanted coloring of the product PET. The 
impurities in TPA manufactured by the oxidation of paraxylene are typically 
intermediate and by-products of the oxidation such as 4-carboxybenzaldehyde 
(4-CBA), o- and m-phtalic acids, p-toluic acid and p-acetylbenzoic acid. 
4-CAA is probably the most difficult of these impurities to remove and its 
concentration in TPA serves as a practical criterion of TPA purity. 
Purification of TPA has been the subject of intensive research of the 
years and a multitude of techniques have been proposed. A summary of these 
techniques appears as Table I. A large number of the TPA purification techniques 
employ crystallization (from the vapor or from the liquid) as a purification 
step (Maclean (1960), Kurtz (1965), Olsen (1970)). It has been reported 
(Fujita et al. (1968)) that recrystallization alone does not normally reduce 
4-CBA concentrations in TPA crystals to the desired level. In a recent paper 
Myerson and Gaines (1982) reported that TPA crystals underwent an irreversible 
change of habit (known as crystal aging) when immersed in their own saturated 
solution. The rate of this change of shape was reported to be a strong function 
of temperature and resulted in an increase in crystal purity. It is the purpose 
of this study to present several observations which may explain the limitations 
of crystallization or aging as a purification method. 
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TPA Recrystallization and Aging  
Recrystallization and aging experiments were conducted in a batch sus-
pension crystallizer shown in Figure 1. It consists of a glass-lined stainless 
steel tube with flat glass windows at each end and held in place by a cover 
plate and bolts. The chamber is equipped with a magnetic stirrer. Temperature 
is controlled in the crystallizer by immersion in a constant temperature bath 
or through controlled resistance heating. Observation and photography of the 
growing or aging crystals was possible through the use of a stereozoom microscope. 
Pure and fiber grade TPA supplied by the Amoco Oil Company was slowly 
recrystallized in the batch suspension from aqueous solutions at temperatures 
ranging from 150-200°C. The resulting crystals were rod shaped, bound mostly 
by three or four planes parallel to the long dimension of the crystals. Frequent 
twinning was observed along the long axis parallel to the crystallographic c-axis. 
The crystals ranged in size from 0.1-0.5 can (measured along the long axis) with 
the average being 0.2 cm. 
Aging experiments were carried out in the same apparatus holding the 
temperature constant. Aging experiments showed a gradual transformation of 
the initial globular crystals to needles indistinguishable from those obtained 
from crystallization experiments. The transformation of the particles took 
approximately 15 hours at 200°C. These results are similar to those reported 
by Myerson and Gaines (1982) in their study of TPA aging. 
The crystal structure of two polymorphic forms of TPA was described by 
Bailey and Brown (1967). The crystal structures of the crystals obtained 
experimentally in this work were investigated employing x-ray diffraction 
of both polycrystalline and single crystal samples. Results of the x-ray 
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analysis were consistent with polymorphic form I as reported by Bailey and 
Brown. The unit cell parameters determined along with those reported by 
Bailey and Brown appear in Table II. No form II was detected in polycrystalline 
specimens. The crystals were also examined employing scanning electron micros-
copy (SEM). sal photographs of the crystals viewed along their long dimension 
revealed the frequent occurrence of large longitudinal cavities often positioned 
close and parallel to the twinning plane. Two such crystals appear in Figures 2 
and 3. 
Quantitative determination of the volume of the inclusions observed in 
the SEM photography was accomplished through density measurement. The theo-
retical density of TPA (polymorphic form I) was calculated from the unit 
cell parameters given in Table II and yielded a value of 1.573 g/cm 3 . The 
volume of the inclusions filled with solution will result in a decrease in 
the density of the crystal porportional to the included volume. At 25°C the 
density of TPA as a function of the volume of included solution can be expressed 
by the relation: 
p = (1.573 - 5.73 x 10 3 I) 	 [1] 
where p is the density in g/cm 3 and I is the included volume percent in the 
crystal. 
The density of the grown and aged TPA crystal was measured employing 2 ml 
pycnometers at 25°C with water as the liquid media. Considering the low TPA 
solubility in water at room temperature (app. 10 ppm, Stautzenberger and Maclean 
(1971)) no correction on solubility was applied. The average density obtained 
for aged and crystallized TPA was 1.566 ± 0.006 g/cm 3 which results in an average 
calculated value of the included volume of 1.2%. 
The presence of solvent inclusions in TPA prepared by crystallization and 
by crystal aging limits the degree of purification that can be obtained by 
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these processes. The final concentration of an impurity in TPA purified by 
the processes will, therefore, depend on the concentration of the impurity 
in the included solution and the size of the inclusion. In previous studies 
of solvent inclusions (Myerson and Kirwan (1977), Slaminko and Myerson (1981), 
Senol and Myerson (1982)) it has been demonstrated that the degree of solvent 
inclusion increases with increasing crystal growth rate and is a function of 
crystal size and the impurities present in solution. The effect of these 
variables on the formation of solvent inclusions in TPA, however, will require 
a carefully controlled experimental study. The results of this work indicate, 
however, that under both slow (aging) and rapid (recrystallization) growth 
conditions the degree of inclusion in TPA crystals is identical so that 
extremely slow growth conditions might be required for the preparation of 
inclusion-free TPA. 
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List of Tables  
1. Proposed Methods of TPA Purification 
2. Unit Cell Parameters of TPA Form I 
TABLE I PROPOSED METHODS OF TPA PURIFICATION 
PHASE COMMENTS METHOD 
Vapor Phase Fluidized Bed 
Metal Catalyst 
Sublimation Maclean (1960) 
Sublimation, oxidation/hydrogenation 
Bryant et al. (1970) 
Liquid Phase Oxidation 	Tate (1962) Wise and 
Meyer (1963) 
Shigeyasu et al. (1968) 
Taylor et al. (1971) 
Stautzenberger and 
Maclean (1971) 
Ichikawa and Suzuki (1969) 
Activated Carbon Treatment 
Ion Exchange Treatment 
In Acetic Anhydride Solution 
Weak Acid Solution 
Aqueous Pyridine Solution 




Hensley and Towle (1967) 
Witt and Blay (1972) 
Blay (1973)  
Sulfuric Acid Treatment 
Recrystallization 
CO treatment, activated carbon 
Controlled Continuous Crystallization 
ActiVated Carbon 
Iodine or Bromine Catalyst 
Mixtures of Acids and Catalysts 
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TABLE II UNIT CELL PARAMETERS OF TPA FORM I 
Measured 	 Bailey and Brown (1967) 
ao 	7.736 Angstroms 	7.730 Angstroms 
bo 	6.444 Angstroms 	6.443 Angstroms 
co 	3.7504 Angstroms 	3.749 Angstroms 
a 91.51° 	 92.75° 
109.12° 	 109.15° 
95.77° 	 95.95° 
List of Figures  
1. Batch suspension crystallizer 
2. SEM photograph (400X) of aged TPA 
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Figure 1: Aging Cell. (a)1/4" connecting rod; (b) 4" diameter by 1/4" thick steel frame, 
plate; (c) teflon gasket; (d) 2" diameter by 1/4" thick tempered sight glass; (e) 
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COMPUTER SIMULATION 
The crystallization process is one of great complexity. A mathe-
matical model of the problem is essentially that of a moving boundary pro-
blem involving an interfacial rate process and simultaneous heat and mass 
transfer in the liquid phase. Factors such as dendritic crystal growth 
and interfacial crystallization kinetics complicate the process a great 
deal. Experimentally it is difficult to devise and perform experiments 
which will measure and control the desired variables, and allow their 
variation over a large range of conditions. In a situation of this type 
where both analytic and experimental methods fail to supply the needed 
information, a computer simulation can be of use. 
A. Description of Simulation 
Crystallization is a moving boundary problem with simultaneous 
heat and mass transfer. Numerical solutions of this type of problem are 
similar to those found in the literature ( 1 ). The simulation considers 
-Priations with time and two spatial coordinates parallel and perpendicu-
lar to the primary growth direction. A flow chart of the program is 
given in Figure 7, Crystal growth occurs first, followed by heat trans-
fer, mass transfer and melting (dissolution) for the same time interval. 
The program consists of four subroutines and the main program. 
The subroutines are growth (Grow), heat transfer (Heat), mass transfer 






















• Termination Printing of 
Results 
Figure 7. Flowchart of Simulation. 
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71-.e first part of the program initializes the crystal growth process. 
crystallization process is carried out in a 100 X 100 matrix. At 
c:ch point in the matrix a value is stored relating to the state of 
=t site at a particular time. A 2 means it is all crystal and a 
n=ber between zero and one represents liquid at the indicated mole 
fraction. To begin the crystallization process one or more sites are 
at random in the middle of the matrix at the bottom so that 
Erowth occurs in the positive direction. Heat is released and the 
, ,ond component is rejected when crystallization occurs. The heat 
crystallization is evenly distributed to its nearest neighbors. 
rejected second component is also evenly distributed among the 
-wrest liquid neighbors and results in a drop in concentration of the 
.rystallizing component at these sites; hence, a drop in the equilibrium 
freezing temperature at these sites. With this step, control is shifted 
the growth routine. 
The growth routine allows crystal growth for a finite time inter-
only at those sites adjacent to existing crystal. The equilibrium 




(45) Tf = 11- AS In (1-C)) 
where T f = equilibrium freezing temperature 
AS = constant (varies with substance 
being modeled) 
H = pure component freezing temperature 
C = mole fraction of crystallizing 
component 
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A critical growth velocity is then calculated for each possible 
breath site from: 





where V = crystal growth velocity 
a = constant 
T = actual temperature 
T
f
= equilibrium freezing temperature 
n = constant 
The constants a and n are obtained from experimental crystal growth data 
found in the literature. 
Sites which are not adjacent to existing crystal are given 
velocities of zero. All crystal growth velocities are then normalized 
the maximum velocity calculated, resulting in values between zero and 
one. The normalized velocities are then used as the probability of a 
site growing one unit in 1/(maximum velocity) time period. A random 
number generator is then used to decide if growth will occur. After 
all sites have been given a chance to grow, the heat of crystalliza- 
--,] the rejected second component are distributed to the nearest 
neighbors. 
The crystal has been allowed to grow for 1/(maximum velocity) 
Lime period. The routine was written this way to limit the amount of 
crystal grown during a time period. Now the control is shifted to the 











Figure 8. Flowchart for Growth Routine. 
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The heat transfer routine makes use of the finite difference 
approximations to solve the unsteady state two dimensional heat 
transfer equation of the form: 
aT 	 a
2
T 4. a2T 







where a - thermal diffusivity 
T = temperature 
t = time 
Introducing the explicit representation of Equation (47) result 
in: 
T 0 +T0 +T0 +T0 	-4T0  
At 	 nx




	= temperature at time t at location x,y x,y 
T1 x,y = temperature at time t+ t at location x,y 
At 	= time increment 
Gx 	= distance mesh size 
A square mesh is used, so Ax = Ay. Assuming some value (1/n) for the 
At
2 
 , 	modulus, 
GL 
and rearranging yields: 
AX  
T
1 = T0 +T0 +T0 +T
0 
+(n-4) To 
x,y 	x+1,y 	x-1,y 	x,y+1 	x,y-1 	x,y 
T1 -T0  
x,y 	x,y 	a 
(49) 
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Equation (49) shows that the temperature of a site at time t+At can be 
expressed in terms of the temperature of the site and its four nearest 
neighbors at time t. A flow chart of the heat transfer routine appears 
in Figure 9, 
The mass transfer routine is very similar to the heat transfer 
routine. The unsteady state two-dimentional diffusion equation assuming 














= concentration at component a 
D = mass diffusivity 




+C +C +C0 	








where CO 	= concentration at the t at site x,y, 
x,y 
1 = concentration at the t+Lt at site x,y, 
Figure 10 is a flow chart of the mass transfer routine. Control is 
then shifted to the melt routine. 
The melting (dissolution) routine allows crystal sites to 
dissolve if the temperature and concentration conditions calculated in 
the previous two routines warrant it. Equilibrium freezing 







time t+ t 
Return 










Figure 10. Flowchart of Mass Transfer Routine. 
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liquid neighbors and compared to the actual temperature of these sites. 
If the actual temperature is greater than the equilibrium freezing 
temperature, the sites are undersaturated. A dissolution velocity is 
then calculated of the same form as the one appearing in the growth 
routine. The dissolution velocities are then normalized. Dissolved 
crystal sites absorb heat from their nearest crystal neighbors. The 
concentration of the dissolved site and its nearest neighbors is 
adjusted to show the increase in concentration. A flow chart of the 
71elt routine appears in Figure 11. 
The melt routine completes the sequence for the time period 
defined in the growth routine so that the temperature, concentration 
and crystal fields all correspond to a crystal having grown for some 
tine interval. 
The process is repeated until termination conditions are met. 
B. Simulation Results  
The simulation was written for a binary eutectic system in 
7:rtran V and was run on a CDC CYBER 74 computer. 
The simulation was first tested to see if it followed the consti-
' ,nal supporting criteria. The criteria states that the crystal 
would start to grow dendritically under the influence of a negative 
temperature gradient. In Figure 12 is an example of the results from 
cimulation for a negative interfacial temperature gradient. At 
early time it is seen that the interface is stable, but at the later time 
it is seen that the interface starts to grow dendritically. Stable 















Figure 11. Flowchart of Melt Routine. 
At Early Time 
At Later Time 
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Figure 12. Result of Simulation with Negative Interfacial 
Temperature Gradient. 
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The simulation was applied to the water-potassium aluminum 
dodecahydrate system. 
The simulation is a two-dimensional model, and a question arises 
whether one could apply this model to a three-dimensional situation. 
The output of the simulation can be considered a two-dimensional 
slice of the crystal ( 2). It can be shown that: 
V 	A a a 
where 
V 	A (52) 
V = occlusion volume 
a 
V = total volume 
A = occlusion area 
a 
A = total area 
1. Simulated Results for the Growth of Potassium Aluminum Sulfate  
Dodecahydrate from Pure Aqueous Solution 
In this simulation the boundary conditions imposed on the 
system are very important. Different temperature fields can be imposed 
on the system. This can be used to inspect various factors involved in 
crystal growth. Both velocity and interfacial temperature gradient can 
effect trapping and it is therefore important to vary them independently. 
This can be accomplished by changing the boundary conditions. The 
crystal growth velocity and interfacial temperature gradient can be 
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varied independently by imposing a temperature gradient on the system 
that moves with the crystal-liquid interface, The heat transfer routine 
automatically adjusts so that the same gradient can always be present 
at the leading edge of the crystal face. The growing crystal there-
foie always sees the same temperature and temperature gradient at the 
interface. The crystal growth velocity could be varied from run to 
run by changing the temperature at the interface. 
The results of the simulation show that the critical size for 
ccclusion formation is not a strong function of growth velocity. 
This can best be seen in Figure 13 which is a plot of critical size 
versus growth velocity. It is shown that the critical size varied 
from 2.0 X10
-3 
m to 2.2 X10
3 
m over the range of growth velocity. 
2. Simulated Results for the Growth of Potassium Aluminum Sulfate  
Dodecahydrate from Impure Aqueous Solution  
In crystallization from impure solutions, the only type of 
model that could be used easily was the adsorption of the impurity 
on a growth site, therefore, blocking that site from crystal growth. 
No numerical evaluation could be made of a system that followed the 
adsorption model. Since no criteria for blocking active sites could be 
:) -,:tulated. Figure 14 shows the effect of blocking active sites 
versus critical size for occlusion formation. It is seen that the 
critical size does increase due to the effect of the impurity adsorbing 
onto the surface. 
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Growth Velocity X 10
8  ( /sec) 
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Figure 14. Critical Size vs Amount of Impurity Adsorbed. 
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